Dynamic stresses developed in the deep crust as a consequence of flow of weak lower crust may explain anomalously high topography and extensional structures localized along orogenic plateau margins. With lubrication equations commonly used to describe viscous flow in a thin-gap geometry, we model dynamic stresses associated with the obstruction of lower crustal channel flow due to rheological heterogeneity. Dynamic stresses depend on the mean velocity (Ū ), viscosity (µ) and channel thickness (h), uniquely through the term µŪ /h 2 . These stresses are then applied to the base of an elastic upper crust and the deflection of the elastic layer is computed to yield the predicted dynamic topography. We compare model calculations with observed topography of the eastern Tibetan Plateau margin where we interpret channel flow of the deep crust to be inhibited by the rigid Sichuan Basin. Model results suggest that as much 1500 m of dynamic topography across a region of several tens to a hundred kilometres wide may be produced for lower crustal material with a viscosity of 2 × 10 18 Pa s flowing in a 15 km thick channel around a rigid cylindrical block at an average rate of 80 mm yr −1 .
BACKGROUND : L O W E R C RU S TA L F L O W
The strength and mechanical behaviour of the lower continental crust is critical to the tectonic evolution and crustal dynamics of active orogens. A lower crust that is strong relative to the upper crust effectively transmits stress vertically through the crust, which requires that crustal motions will be directly coupled to mantle motions over very short length scales (tens of kilometres) (Royden 1996) . However, in regions where the crust is hot or excessively thick, laboratory experiments predict that the middle or lower crust could contain a weak ductile zone, separating the more competent layers of the brittle upper crust from the rheologically stronger ductile upper mantle (e.g. Goetze & Evans 1979; Brace & Kohlstedt 1980; Kirby 1983) . A depth-dependent rheology of the crust that includes such a weak layer drastically changes predicted patterns of surface deformation. A weak layer in the deep crust is not able to effectively transmit stresses vertically and causes the deformation of the crust to become decoupled from underlying mantle motions (e.g. Chen & Molnar 1983; Royden 1996; Roy & Royden 2000) .
Many authors have proposed that where the lower crust is sufficiently weak, it will deform by channellized flow in response to lat-orogenesis. In this paper we explore an actively deforming continental area in eastern Tibet where there is a juxtaposition of crustal regions with and without a weak ductile layer. We examine the manner in which non-lithostatic pressure gradients result in dynamically maintained (non-isostatic) excess topography as a consequence of the interaction of weak flowing crust with static regions of strong crust. By assuming that the flow is steady and constant, we use the modern topography to infer the properties of lower crustal flow.
MOTIVATI O N : C RU S TA L D Y N A M I C S A N D T O P O G R A P H Y I N T I B E T
Strength contrasts in the continental crust may play an important role in the spatial distribution of crustal thickening and strain partitioning within the crust. Created by the ongoing continent-continent collision of India with Eurasia since ∼45 Ma, the Tibetan Plateau is an example of extreme regional topography over scales of hundreds to thousands of kilometres (e.g. Molnar & Tapponnier 1975; Le Fort 1975) . The collision has resulted in the development of a lowrelief but topographically high central plateau where the thickness of the crust has roughly doubled to about 70 km. The flatness of the central plateau has been attributed to the low strength of the lithosphere which prohibits the support of lateral pressure gradients that are produced by large topographic gradients (e.g. Bird 1991 ) and specifically may be attributed to the development of a low-viscosity layer in the middle or lower crust (e.g. Zhao & Morgan 1985; Bird 1991; Royden 1996) . The hypothesis of a weak layer developed in the deep crust is supported by regional high heat flow beneath the plateau (Hu et al. 2000) , a highly reflective and conductive middle crust observed in central Tibet (Nelson et al. 1996; Wei et al. 2001) , and gravity data consistent with a model of a rheologically layered lithosphere beneath Tibet consisting of mechanically competent upper crustal and mantle layers separated by a weak low-viscosity zone in the lower crust (Jin et al. 1994) .
Throughout the Alpine-Himalaya orogen, it has also been recognized that there are regions of the continental crust that virtually escape deformation and crustal thickening during active orogenesis. These blocks behave as rigid obstacles to ongoing deformation, often with concentrated deformation at their margins (e.g. England & Houseman 1985) . In the region surrounding Tibet, these areas include the Tarim and Sichuan basins, as well as the Indian Shield. It has been proposed that these high-strength heterogeneities can be partly attributed to their 'tectonic age', inferred from their low lithospheric temperatures (e.g. Molnar & Tapponnier 1981; Hsu 1993) but may also be related to the lack of aqueous fluids, underplating of strong mafic material or thermal insulation by cold mantle lithosphere.
The elevated topography of the eastern plateau margin has been proposed to be the direct result of crustal thickening by weak, lower crustal material evacuated from beneath the central plateau (Royden et al. 1997; Clark & Royden 2000) . The associated flux of this weak lower crustal material from beneath the central plateau into eastern Tibet suggests how crustal thickening along the eastern plateau and its margins has occurred despite a lack of significant shortening structures observed in the upper crust along the Longmen Shan/Sichuan Basin and southeastern plateau margins (Dirks et al. 1994; Burchfiel et al. 1995; Wang et al. 1998) . Gradients in crustal thickness extending from the 60-70 km thick central plateau out into the 35 km thick eastern foreland (Li & Mooney 1998) are interpreted to be the driving force for crustal flow. Quantitative analyses of regional topographic slopes across the eastern plateau margin are determined by relating the topographic gradient of the margin to the strength of the channel material. Results indicate that the strength of the mid-lower crust beneath the southeastern and northeastern low-gradient margins of the plateau is very low (10 18 Pa s if one assumes a 15 km channel) (Clark & Royden 2000) . By contrast, the mid-lower crust beneath the steep eastern plateau margin which borders the Sichuan Basin is strong (≥10 21 Pa s for a 15 km channel). The regional topographic gradients as displayed on a smoothed elevation contour map and from 3-D digital topography perspectives show the continental crust 'flowing' from the high central plateau around the low-elevation Sichuan Basin, reflecting the flow of weak lower crustal material around a strength heterogeneity in the crust along the eastern margin of Tibet (Fig. 1) .
MODE L : V I S C O U S C H A N N E L F L O W W I T H I N T H E L O W E R C RU S T A RO U N D C Y L I N D R I C A L O B S TA C L E S
Effective lower crustal channel thicknesses have been estimated to be between 5 and 25 km (e.g. Wernicke 1990 ); however, when the system is modelled as simple Poiseuille (channel) flow, its dynamics are uniquely characterized by the inverse relationship between channel thickness and viscosity as h 2 /µ where h is the channel thickness and µ is the Newtonian viscosity. For channel thicknesses between 10 and 15 km, estimates of channel viscosities range from 10 17 -10 20 Pa s and flow in the channel has been proposed to occur over length scales of tens to hundreds of kilometres (e.g. Block & Royden 1990; Kaufman & Royden 1994; McQuarrie & Chase 2000) , and possibly over more than 1000 km (Clark & Royden 2000) , with flow durations on the order of 10 6 -10 7 yr. Flow within the channel is driven by horizontal pressure gradients, due to topographic gradients and variations in crustal thickness or density. In reality, flowing lower crustal material is likely not to have sharp, well-defined channel boundaries, but most geodynamic models approximate flow behaviour as Poiseuille flow (Bird 1991) .
We model the lower crust as a viscous fluid bound within a channel with fixed rigid horizontal boundaries overlain by an elastic layer that is free to deform under the influence of the dynamic pressures generated within the channel. We assume that the total deflection of the upper surface is small relative to the total channel thickness, and that the channel thickness is small relative to the characteristic horizontal scale of the flow. Flow within the channel is presumed to be driven by horizontal pressure gradients associated with topographic gradients across the plateau.
In the absence of body forces, viscous flow of a Newtonian fluid is governed by the Stokes equations:
where p is the dynamic pressure field, µ is the dynamic (Newtonian) viscosity and u = u, v, w describes the flow in three dimensions. The geometry of the channel allows us to make significant simplifications to the Stokes equation, which reduce to the lubrication equations commonly used to describe viscous flow in a thin gap. First, the dominant viscous stresses are associated with vertical velocity gradients. It follows that the vertical pressure gradient is much smaller than the horizontal pressure gradients, thus to a first-order approximation the pressure is a function of x and y alone. Therefore, the governing equations reduce to: These equations may be simply integrated with respect to z. Application of no-slip boundary conditions on the top and bottom of the channel (z = ±b) and flow symmetry produces parabolic channel flow u:
where u = u, v and ∇P is the horizontal pressure gradient driving flow. Our model for the weak, ductile channel layer corresponds to a Hele-Shaw cell bound above by a deformable elastic solid. The Hele-Shaw cell is commonly used to model flow in porous media and inviscid flows because of the peculiar feature that the flow at any given z is a pure, 2-D potential flow (an irrotational flow where flow is the gradient of a scalar potential). Because the pressure is a function of x and y only, it follows that ∂v/∂x = ∂u/∂ y and there are no streamwise velocity gradients. While the flow speed depends on z, the direction of flow is independent of z and the depth-averaged flow across the gap,
satisfies Darcy's law:
where κ = b 2 /3µ is the effective permeability of the medium (Batchelor 1967; Acheson 1990; Furbish 1997) .
We proceed by exploring the interaction between flow in our model lower crust and an 'impermeable' region (infinite µ) corresponding to an area of high crustal strength. We prescribe a unidirectional far-field flow U within the channel and examine the effect of an impermeable rigid obstacle corresponding to a rigid block or subregional crustal fragment modelled as a cylinder with its axis perpendicular to the direction of flow (Fig. 2a) . One anticipates that the flow will be diverted around such obstacles. In 2-D, we consider unidirectional, steady flow past a circle with radius a and solve for the local pressure field created by the diverted flow. We apply a no-flux boundary condition at the surface of the circular obstacle (u r = 0 at r = a). Note that while no-slip conditions apply at z ± b, this condition is not satisfied on the circle of the circular boundary. The appropriate solution for potential flow around a circle is given by:
and
where U is the scalar value of the vertically averaged far-field flow, r is the radial distance and θ is the angle made with the direction of far-field flow (Fig. 2) . The corresponding pressure field (excluding lithostatic pressure) is:
This pressure field is composed of two parts: a pressure relating to the background (far-field) flow and a local pressure field developed due to flow being diverted around the rigid obstacle. The latter can be thought of as a dynamic pressure or the dynamic load applied at the base of the overlying elastic crust where the dynamic pressure in dimensional form is equal to:
In order to calculate the dynamic topography, we compute the flexural response of the upper crust in cross-section by applying a dynamic load to an elastic upper crustal layer and calculating the resulting deflection w(x) (e.g. Turcotte & Schubert 1982) (Fig. 2b and c):
This model relies on several important assumptions. For simplicity, we assume that the channel walls are rigid and parallel. In reality, it is likely that the 'channel' (defined as the spatial domain over which the flow is active) is deflected or thickened near the boundary with the rigid block, and possibly elsewhere. Also, we only consider the effect of the dynamic pressure acting on the top of the channel. Theoretically, within the limitations of the HeleShaw model, there is an equal, and symmetrical, pressure acting on the base of the channel. Here, we assume the base of the channel to be rigid. The background pressure gradient driving regional, uniform velocity flow is not explicitly modelled as a regional topographic slope here, and instead a flow velocity is imposed on the channel material. The no-slip upper and lower boundary conditions are expected to be valid provided that pressure-driven channel flow is significantly faster than flow associated with differential motion of under-or overlying plates. Relative motion of these boundaries would impart an additional shear that would act to either enhance or retard flow and so influence the magnitude of dynamic topography (Beaumont et al. 2001) . Finally, the calculated flexural response of the upper crust due to the dynamic load at depth assumes that the upper crust is a continuous plate. Using a broken plate would permit higher estimates of effective elastic thickness. 
MODE L PA R A M E T E R S A N D G E N E R A L R E S U LT S
Qualitatively, the dynamic pressure produced by the flow results in a first-order pattern of symmetric highs and lows oriented 'upstream'
and 'downstream' of the obstacle respectively (Fig. 3) . The regions of significant dynamic pressure are roughly crescent-shaped, with the highest-magnitude dynamic pressure located at the stagnation points of the flow adjacent to the boundary with the obstacle. The magnitude of the dynamic pressure decreases away from the obstacle as the inverse of the radial distance from the centre of the obstacle, resulting in concave-up cross-sectional profiles (Fig. 4) . The maximum dynamic pressure is highest along a section oriented parallel to the flow direction (stagnation point), and decreases as a cosine function to zero at an orientation perpendicular to the regional flow (eq. 4). The dynamic pressure acts as a non-lithostatic load on the base of the upper crust and produces dynamic topography modified by the Figure 6 . Example of anomalously high topography in eastern Tibet. View east of the plateau surface at 4 km elevation (foreground) which is interrupted by the high peaks that define the Gonga massif at elevations of 5500-7556 m (background). Further east from the horizon, elevations decrease dramatically from the peak height of Gonga Shan (7756 m) into the Sichuan Basin (∼500 m). Photograph courtesy of ETH Library, Zürich archive of Professor Arnold Heim, 1930-1. flexural strength of the upper crust. We express the flexural strength of the crust in terms of the effective elastic thickness (Te), which is related to the flexural rigidity
, where E and ν are Young's modulus and Poisson's ratio, respectively (e.g. Burov & Diament 1995) . For low-flexural rigidities, the topography closely mirrors the dynamic pressure field. For increasing flexural strength, the cross-sectional shape of the predicted dynamic topography changes from a concave-up form that mirrors the calculated dynamic pressures to a damped, asymmetric antiform with increasing wavelength and decreasing amplitude (Fig. 4) . The mechanical behaviour of the system is a function of the ratio h 2 /µ; therefore we cannot independently determine both h and µ. For example, the same dynamic topography profile would result from a thin channel with a very low viscosity as from a much thicker channel with a higher viscosity.
COMPAR I S O N O F M O D E L R E S U LT S T O T O P O G R A P H Y A L O N G T H E E A S T E R N T I B E TA N P L AT E AU M A RG I N

General map view pattern compared with model results
Across the Tibetan Plateau we observe a spatial correlation between regions of anomalously high topography (in excess of surrounding plateau elevations) and areas of contrasting crustal strength (Fig. 5) . In particular, these topographic anomalies occur adjacent to convexities (curvature of the plateau margin in plan view) to regions of strong foreland material that appears to 'indent' the weaker plateau. Areas of anomalous topography are roughly crescent-shaped in plan view and are deeply dissected by fluvial and glacial erosion, especially compared with the adjacent relatively uneroded plateau surface (Fig. 6) . These areas are also associated with high rates of exhumation, and in some areas, detachment-style extensional faulting (Burg et al. 1998; Hubbard et al. 1995; Clark et al. 2001 ).
We find a good correlation between the position of the crustal 'obstacle', regional lower crustal flow direction (interpreted to be down the regional topographic gradient), and the geographical extent of anomalously high topography (Figs 1 and 5 ). For example, in the eastern syntaxial region, flow is interpreted to be moving southeastwards past the eastern syntaxis, and this geometry can be approximated as flow past the top half of a cylindrical obstacle (Fig. 7 ). Thus our model predicts dynamic highs on the 'upstream' side, in this case, west of the syntaxial corner. Near the Sichuan Basin, regional flow is interpreted to be flowing east directly against the southwest corner of the basin. This geometry is approximated as flow against the 'upstream' side of the cylindrical obstacle. In this case, positive dynamic topography is predicted to occur as a symmetric crescent located directly about the cylindrical axis (Fig. 7) . We also observe a symmetry between the topographic patterns in eastern Tibet and those in the western plateau, where topographic highs at the western Himalayan syntaxis (Karakorum) and south of the Tarim Basin (West Kunlun Shan) are observed (Fig. 5) .
Topographic analysis of the Sichuan Basin plateau margin
The topography surrounding the Sichuan Basin in eastern Tibet has been suggested to be the product of active lower crustal flow from central Tibet toward the east (Royden et al. 1997; Clark & Royden 2000; Kirby et al. 2000) and most closely resembles the model geometry of flow around a cylindrical obstacle (Fig. 1) . River profiles and thermochronological data along the steep plateau margin (Longmen Shan) bordering the Sichuan Basin support localized, young and active uplift concentrated at the plateau margin front (Kirby et al. 2002 (Kirby et al. , 2003 , despite a lack of evidence for significant horizontal motion (>3 mm yr −1 ) by surface shortening (Chen et al. 2000; King et al. 1997 ). Here we compare the pattern of focused vertical uplift in the Longmen Shan to the predicted patterns of dynamically maintained topography supported by pressure gradients originating from crustal material flowing around the rigid Sichuan Basin.
The highest mountain peaks are concentrated at the margin front and profiles of maximum topography define smooth, concave-up profiles (Fig. 8 ) that can be considered as a minimum measure of surface uplift relative to the adjacent, modestly eroded plateau surface to the west. Localized peak uplift at the margin front suggests that lower crustal flow, coupled with erosion and extensional exhumation (observed in the Gonga Shan region and along strike of the Longmen Shan), may be responsible for creating and maintaining the Longmen Shan topographic escarpment. The predicted dynamic pressure arising from flow at depth should be reflected in the mean topography as well as the maximum topography (Fig. 8) .
In order to extract dynamic topography from the mean topography we must calculate the far-field topographic gradient driving flow and subtract it from the observed topography in order to quantify any 'excess' topographic loads that reflect dynamic pressure within the lower crustal channel at depth. We present the following analysis which calculates the background mean topographic slope, from regions north and south of the Sichuan Basin, beneath which lower crustal material is predicted to be flowing over long spatial wave-length scales (Clark & Royden 2000) . We assume that this slope is the far-field pressure gradient driving flow of lower crustal material in eastern Tibet. We compare this background mean profile with mean topographic profiles across the areas of anomalously high elevation and high local relief along the Longmen Shan/Gonga Shan region adjacent to the Sichuan Basin.
We use publicly available GTOPO30 digital topography (∼1 km resolution) (USGS 1993) to calculate a mean elevation grid using a 'focal mean' calculation, which determines the mean value for each cell (pixel) in the topographic grid. Fig. 9 shows examples of three such mean elevation maps for which the topography has been averaged over a circular neighbourhood domain with radii of 10, 20 and 30 grid cells (with the map projection used here, this equates to radii of ∼9, 17 and 26 km respectively). An averaging window of 10 cells retains much of the local variability and higherwavelength topographic signature, which is likely to be supported by the flexural strength of the upper crust. An averaging window of 30 cells begins to average out salient features such as the steep plateau margin adjacent to the Sichuan Basin (length scale of 50-100 km). Thus, we propose that the mean elevation grid calculated from an averaging window with a radius of 20 cells represents the average crustal loads of interest. Profiles taken from the mean elevation grid across the southeastern and northeastern plateau margins are shown in Fig. 10 .
Mean topographic profiles taken across the Sichuan Basin plateau margin are mapped onto the background mean topographic slope using segments of the profile that match the background slope (red) (Fig. 11) . Profiles C and D cross the southern region of anomalously high topography (Gonga Shan). The elevations west and east of the high topography of the massif are used to align these profiles with the background mean profile (red) (Figs 11a and b) . Profiles from farther north along the Longmen Shan and Min Shan front do not have low-slope plateau segments on either side of the anomalously high topography (profiles E, F and G). These profiles (E, F and G) were mapped to the background profile by aligning the steep front of the plateau margin (blue) with the steep segment on the Gonga profiles (profiles C and D) (Figs 11c-e) . When we align profiles E, F and G in this manner, we find that the slope of the highest elevations on the profiles also matches the slope of the background profile. Profile H was aligned using both low-sloping segments that match the background profile (red) and a steep segment that matches profiles C-G (blue) (Fig. 11e) . All profiles show additional steep segments at low elevations directly adjacent to the Sichuan Basin (green).
Once the individual profiles across the Sichuan Basin plateau margin are aligned with the background slope, they are subtracted from the background profile in order to calculate the amount of topography that is in excess of the far-field topographic slope driving flow (Fig. 12) . We compare the result, referred to as a 'deflection profile' with model predictions for dynamic topography produced by flow past a rigid, cylindrical obstacle.
Comparison of topography with model results
The profiles shown in Fig. 13 , from the Gonga Shan region (south) through the Longmen Shan and into the Min Shan (north), represent cross-sectional views of the topography oriented from θ = 0
• to 60
• with respect to the flow direction, around a cylindrical obstacle of radius 200 km. Variations of velocity or viscosity within a factor of three to five produce results that mismatch the observed topography by several hundred metres. Profile C (oriented parallel to flow direction, θ = 0
• ), is fitted with model parameters of µ = 2 × 10 18 Pa s,Ū = 80 mm yr −1 and h = 15 km (Fig. 13) . It is important to bear in mind that we do not independently know the value of any of these parameters and that the dependence of the model profiles on viscosity, velocity and channel thickness enters exclusively through the group [µŪ /h 2 ]. Using the parameters that best fit the amplitude for profile C, a best fit for the elastic strength (Te) of the upper crust is also determined (Fig. 13) . The observed profiles show a best fit to low values for the effective elastic thickness of the upper crust (T e = 1-5 km), which match the sharp increase in topography at the basin margin. Higher values of Te produce a concave-down, rounded shape that no longer matches the amplitude/length scale ratio of the highest topography near the basin margin. Finally, using the parameters forŪ , µ, h and Te determined from the model fits to profile C in Fig. 13 , we compare variations in model azimuth with respect to the flow direction (θ) for several profiles along the Sichuan Basin plateau margin (Fig. 14) . We match the best fit θ value for each profile. The best fit θ value for profiles C, D, E and G shows good agreement between model-predicted topography and observed topography for both the amplitude and length scale of the deflection profile, as well as the observed θ value assuming unidirectional flow against the Sichuan Basin. Profiles F and H match a much lower value of θ than is predicted, which suggests that these profiles have greater excess topography than is predicted by this model. Overall, the profiles show a gross progression in amplitude and length scale that matches the prediction of decreasing amplitude and wavelength from θ values of 0
• toward 60
• with respect to the flow direction. This prediction is in good accord with the highest observed topography located near the southwest corner of the Sichuan Basin in the Gonga Shan region and decreasing elevations toward the north along the Longmen Shan.
DISC U S S I O N
Modelling the subregional topography of the Sichuan Basin plateau margin in eastern Tibet offers an opportunity to estimate physical parameters that govern deep crustal deformation, assuming that flux of crustal material occurs over a fixed depth interval or channel. We In the absence of a rigid crustal block (such as the Sichuan Basin), we may expect the topographic profiles across all of eastern Tibet to be relatively uniform and similar to the topographic profiles of the southeastern and northeastern plateau margins (weak margins). Higher topographic elevations are observed to have developed adjacent to the Sichuan Basin (strong margin). The difference between these two topographic profiles may represent dynamically maintained topography (grey) supported by the stresses originating from the diversion of crustal flow at depth around the undeforming, low elevation Sichuan Basin. (b) We obtain a 'deflection profile' by subtracting the topographic elevation across the strong margin from the profile taken across the weak margin.
can evaluate the consistency of these estimates with other calculations based on the regional topography of eastern Tibet which provides a means by which to evaluate observations at two different scales that may be linked to a common mechanism of ductile channel flow at depth. The averaged mean topographic gradient of the northeastern and southeastern plateau margins can be used to derive an independent estimate of the pressure gradient driving mid-crustal channel flow from central Tibet into the eastern foreland (Fig. 10 ). For these observed topographic gradients, we determine a velocity ofū = ∼20 mm yr −1 for a 15 km thick channel and a viscosity of µ = 2 × 10 18 Pa s. This estimate is compatible within a factor of four of the mean flow velocity ofŪ = 80 mm yr −1 used to model the topography adjacent to the Sichuan Basin (for the same viscosity and channel thickness) in Section 5.
Assuming an initiation age for the uplift of eastern Tibet, estimates of viscosity and channel thickness were determined by forward modelling the regional topographic slopes of the eastern plateau margin from a 2-D flux model of pressure-driven channel material (Clark & Royden 2000) . The cross-sectional topography of the southeastern and northeastern plateau margins can be modelled with a channel viscosity of ∼10
18 Pa s (using 20 Ma as the initiation of uplift and a 15 km thick channel). We can also estimate viscosity and flow velocity from a mass balance calculation of eastern Tibet. Assuming that prior to uplift eastern Tibet was underlain by average-thickness crust (30 km) and that the present topography reflects crustal thickening in approximate Airy isostatic equilibrium, we can also determine an approximate total volume of added crustal material that may be the result of the addition of lower crustal material from beneath central Tibet into the eastern foreland (2.25 × 10 7 km 3 ) (Fig. 15) . If we consider that the flux of material occurs through a crustal channel 15 km thick, this requires a viscosity of µ ∼ 7 × 10 17 Pa s (for t = 20 Ma). These two estimates based on the topographic slope of the southeastern margin and the total crustal thickening of the plateau margin are in reasonable agreement (i.e. within an order of magnitude) with the model predictions of dynamic topography at the Sichuan Basin plateau margin presented in this paper. Moreover, our model estimates for channel thickness and viscosity are consistent with previously derived estimates for a weak, flowing mid-lower crustal layer described in the Basin and Range Province (i.e. 10 17 -10 20 Pa s for a 10-15 km thick channel) (e.g. Block & Royden 1990; Kruse et al. 1991; Kaufman & Royden 1994) .
The Hele-Shaw model for lower crustal flow around a strength heterogeneity in the continental lithosphere differs from thin-sheet models that have previously examined the effect of rigid obstacles located within an otherwise weak, deforming lithosphere (England & Houseman 1985; Hsui et al. 1990) . By definition, thin-sheet models predict uniformly distributed shortening of the viscous layer at a rigid boundary. The upwelling of weak lower crustal material flowing against a rigid obstacle may produce crustal thickening without surface shortening and induce extensional strain in the upper crust (Royden 1996; Shen et al. 2001) . Therefore the presence of faults that accommodate margin-perpendicular extension may be a critical distinguishing feature that relates high-standing elevations to dynamically supported upwelling from a mid-crustal channel. The juxtaposition of high-standing topography, rapid surface uplift and exhumation, and in particular, the presence of extensional faulting and the exposure of young, anatectic mid-crustal rocks concentrated at rheological boundaries in Tibet (e.g. Hubbard et al. 1995; Roger et al. 1995; Burchfiel et al. 1995; Burg et al. 1998; Clark et al. 2001 ) may represent a common phenomenon related to rheological juxtaposition of strong crustal material against weak, flowing material.
Our model geometry is highly simplified: we assume unidirectional flow and rheological homogeneity at depth. The regional topographic gradients around the Sichuan Basin (and elsewhere in Tibet) indicate that the flow field is more arcuate than unidirectional because the topographic gradient slopes in all directions away from the highest topography in central Tibet. Also, we have assumed steady, uniform flow around the entire perimeter of the obstacle. In Tibet, we only observe high topography and interpreted flow interaction on the 'upstream' side of the rigid foreland regions, and do not observe flow completely encompassing obstacles as illustrated in the model geometry. A model of steady uniform flow may well approximate the upstream side; however, a time-dependent model describing the initiation of flow may illustrate differences that we have not yet explored. The structural complexity of the syntaxial regions precludes a simple relationship between fluid flow, topography and surface strain. Crustal thickening by upper crustal structures that accommodate shortening perpendicular to the convergence direction undoubtedly plays a significant role in the modification of the topography, in particular along the southern (Himalayan) and northern plateau boundaries. More complicated geometries of rigid foreland regions, which may correspond to a specific geographical area, warrant further study.
CONC L U S I O N
Because active crustal flow occurs tens of kilometres deep in the crust, it cannot be directly observed. Understanding how lower crustal flow dynamics might be expressed in surface morphology and geology is one avenue for investigating the role of lower crustal behaviour during orogenesis. Our model allows us to make specific inferences concerning the exhumation and structural history of elevated regions where a significant portion of the observed topography is dynamically maintained by stresses due to the flow of weak material in the mid to lower crust. By exploiting the simple equations that govern Hele-Shaw flow, we are able to propose a simple leading-order expression for surface topography generated by these flows. Rigid cylindrical obstacles represent plan-view convexities commonly observed along the strike of orogenic belts. By presenting a geometry of flow past a cylindrical obstacle, we attempt to explore a general relationship between predicted dynamic topography and the presence of weak lower crustal flow in the vicinity of crustal strength heterogeneities, predicting first-order geometric patterns in map view and cross-sectional topography.
Our model geometry most closely resembles that of eastern Tibet adjacent to the Sichuan Basin where the contribution of upper crustal thickening to the development of high topography has been relatively minor and the shape of the Sichuan Basin is well approximated by a cylinder. Model results show that up to 1500 m of anomalously high topography at the Sichuan Basin margin may be accounted for by the flow of crustal material with a viscosity of 2 × 10 18 Pa s at 80 mm yr −1 within a 15 km channel. These values are consistent with other estimates of viscosity and channel thickness values reported for Tibet and the Basin and Range Province (Block & Royden 1990; Kruse et al. 1991; Kaufman & Royden 1994; Clark & Royden 2000) ; this consistency supports the idea that lower crustal flow is a common phenomenon inherent to continental deformation.
The spatial distribution of areas of anomalously high topography in Tibet is consistent with our simple model of weak flowing material interacting with high-strength obstacles that inhibit flow and Tarim Basin T i b e t a n P l a t e a u Figure 16 . Schematic cross-sectional interpretation of the eastern plateau margin, at the latitude of the Gonga Shan massif. High topography has developed at the Sichuan Basin margin, despite modest shortening observed across reactivated Mesozoic structures, slow shortening rates (<3 mm yr −1 ) shown by GPS data, and the lack of a Cenozoic flexural foredeep. High elevations adjacent to the basin margin may be supported by stresses in the middle/lower crust due to ductile flow of weak crustal material from elevated regions in central Tibet towards the low-elevation eastern foreland as flow is diverted around the Sichuan Basin. Limited deformation of the Sichuan Basin crust suggests it has behaved as a rigid block during Cenozoic tectonism related to the Indo-Eurasian collision. Observed extensional exhumation, rapid erosion, high peaks and mid-crustal anatexis localized at the Sichuan Basin margin in the vicinity of Gonga Shan may be related to dynamically maintained topography at the intersection of the flowing crustal material and the rigid crustal block. As evident from seismic tomography (Lebedev & Nolet 2003) , the contrast in rheological properties between the eastern Tibetan Plateau and the Sichuan Basin may be related in part to the temperature (and/or presence of fluids) in the underlying mantle lithosphere.
cause the dynamically maintained 'excess' topography. These areas are also associated with extensional faulting and young magmatism which may also be related to the flow of weak mid-lower crustal material against high-strength heterogeneities in the surrounding foreland (Figure 16 ). Regional flow of lower crustal rocks against strength heterogeneities may explain the juxtaposition of high peaks and extensional faulting localized at orogenic plateau margins without needing to appeal to climatically-driven of high erosion rates (i.e. Beaumont et al. 2001) .
Topographic evolution of an actively deforming region is an expected surface manifestation of lower crustal and shallow mantle dynamics. Availability of high-quality digital elevation models, development of quantitative laws to describe surface erosional processes and the ability to date and measure rates of surface change, underscore the importance of defining relationships that may exist between the evolution of topography and crustal/lithospheric deformation at regional scales, such as the development of dynamic topography derived from the process of lower crustal flow.
